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Description
BACKGROUND OF THE INVENTION
Field of the Invention

[0001] The present invention relates to a technology
of inspecting a photo device in a noncontact manner.

Description of the Background Art

[0002] Aninspectionapparatusthat measures anelec-
tric characteristic of the photovoltaic cell by adopting what
is called a four-terminal measurement method is used in
a process of producing a photovoltaic cell that is of a kind
of aphoto device. Specifically, a current measuring probe
pin and a voltage measuring probe pin are placed on
collector electrodes provided in a light receiving surface
and a rear surface of the photovoltaic cell. At this point,
avoltage applied to the photovoltaic cell is changed while
the photovoltaic cell is irradiated with pseudo-sunlight,
thereby measuring a current-voltage relationship. There-
fore, an |-V characteristic of the photovoltaic cell is meas-
ured (for example, see Japanese Patent Application
Laid-Open No. 2010-182969).

SUMMARY OF THE INVENTION

[0003] Inthe conventional inspection apparatus for the
photovoltaic cell, it is necessary to bring the current
measuring probe pin or the voltage measuring probe pin
into contact with the collector electrode. Therefore, there
is a problem that the probe pin is worn down such that
plating of the probe pin removes. Additionally, there, is
a risk of damaging a photovoltaic cell element during an
inspection because the probe pin is brought into contact
with the photovoltaic cell. Therefore, the inventors pro-
posed a technique of inspecting the photo device in a
noncontact manner (see Japanese Patent Application
No. 2011-155665).

[0004] Specifically, in the case that the photo device
is inspected in the noncontact manner, the photo device
is irradiated with pulsed light emitted from a femtosecond
laser, thereby generating a photoexcited carrier (a free
electron and a hole). An electromagnetic wave (including
a terahertz wave) is generated when the photoexcited
carrier is accelerated by an internal electric field acting
on a depletion layer of the photo device. Thatis, the elec-
tromagnetic wave can be generated according to a char-
acteristic of a photoexcited carrier generation region by
irradiating the photo device with the pulsed light. Accord-
ingly, the characteristic (for example, a formation status
of the depletion layer) of the photo device can be inspect-
ed by analyzing the generated electromagnetic wave.
[0005] However, the noncontact inspection of the pho-
to device is performed without irradiating the photo de-
vice with the actual light (specifically, for example, artifi-
cial sunlight for the photovoltaic cell). Accordingly, it is

10

15

20

25

30

35

40

45

50

55

difficult to detect a structural defect, which possibly be-
comes troublesome in use, and to evaluate performance
of the photo device.

[0006] The present invention is directed to provide an
inspection apparatus that inspects the photo device.
[0007] In accordance with one aspect of the present
invention, an inspection apparatus that inspects a photo
deviceincludes: anirradiation partthatirradiates the pho-
to device with pulsed light emitted from a femtosecond
laser; a detecting part that detects an electromagnetic
wave, which is generated from the photo device accord-
ing to the irradiation of the pump light; and a continuous
light irradiation part that irradiates a portion, which is ir-
radiated with the pump light in the photo device, with
continuous light.

[0008] The irradiation of the continuous light can put
the photo device into a state in which the electromotive
force is generated. Therefore, the photo device in the
usage state can be inspected. Accordingly, the detection
of the structural defect, which possibly becomes trouble-
some in use, and the evaluation of the performance of
the photo device can be performed in the noncontact
manner by detecting the electromagnetic wave, which is
generated according to the irradiation of the pulsed light.
[0009] Preferably the inspection apparatus further in-
cludes an irradiation condition changing part that chang-
es anirradiation diameter oran intensity of the continuous
light.

[0010] Therange where the electromotive force is gen-
erated by the continuous light and magnitude of the gen-
erated electromotive force can arbitrarily be changed by
changing the irradiation diameter or the intensity of the
continuous light.

[0011] Preferably the continuous light includes pieces
of light having plural wavelengths different from each oth-
er.

[0012] The photo device can be inspected while ex-
posed to the pieces of continuous light having plural
wavelengths different from each other.

[0013] Preferably the photo device is a photovoltaic
cell, and the continuous light includes artificial sunlight.
[0014] The photovoltaic cell in the actually-used state
can be inspected by irradiating the photovoltaic cell with
the artificial sunlight.

[0015] Preferably the continuous light is a laser beam
having a single wavelength.

[0016] The characteristic of the photo device depend-
ing on the wavelength can be inspected.

[0017] Preferably the inspection apparatus further in-
cludes a reverse bias voltage applying part that applies
avoltage to put the photo device into areverse bias state.
[0018] The internal electric field of the depletion layer
is strengthened by putting the photo device into the re-
verse bias state, so that the intensity of the generated
electromagnetic wave can be increased. Therefore, de-
tection sensitivity of the electromagnetic wave can be
improved.

[0019] The present invention is directed to provide an
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inspection method for inspecting the photo device.
[0020] In accordance with another aspect of the
present invention, an inspection method for inspecting a
photo device includes the steps of: (a) irradiating the pho-
to device with pulsed light emitted from a femtosecond
laser; (b) detecting an electromagnetic wave, which is
generated from the photo device by the irradiation of the
pulsed light; and (c) irradiating a portion, which is irradi-
ated with the pulsed light in the photo device, with con-
tinuous light.

[0021] Therefore, an object of the present invention is
to provide a technology of being able to perform the de-
tection of the structural defect of the photo device, which
possibly becomes troublesome in use, and the evaluation
of the performance of the photo device in the noncontact
manner

[0022] These and other objects, features, aspects and
advantages of the present invention will become more
apparent from the following detailed description of the
presentinvention when taken, in conjunction with the ac-
companying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023]

FIG. 1 is a schematic configuration diagram of an
inspection apparatus according to a first preferred
embodiment;

FIG. 2 is a schematic configuration diagram of an
irradiation part and a detecting part according to the
first preferred embodiment;

FIG. 3 is a schematic sectional view of a photovoltaic
cell panel;

FIG. 4 is a plan view of the photovoltaic cell panel
when viewed from a light receiving surface side;
FIG. 5 is a plan view of a backside of a photovoltaic
cell panel;

FIG. 6 is a flowchart of a first inspection;

FIG. 7 is a view illustrating a time waveform of an
electromagnetic wave pulse reconstructed by a time
waveform constructing part;

FIG. 8 is a view illustrating a spectral distribution of
the electromagnetic wave pulse;

FIG. 9 is a view illustrating a time waveform, of an
electromagnetic wave pulse that is detected when
intensity of continuous light is changed;

FIG. 10 is a flowchart of a second inspection;

FIG. 11is aview llustrating an example of an electric
field intensity distribution image;

FIG. 12 is a schematic configuration diagram of an
irradiation part and a detecting part of an inspection
apparatus according to a second preferred embod-
iment; and

FIG. 13 is a schematic configuration diagram of an
irradiation part and a detecting part of an inspection
apparatus according to a third preferred embodi-
ments.
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DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0024] Hereinafter, preferred embodiments of the
present invention will be described with reference to the
accompanying drawings. Although the following pre-
ferred embodiments are example in which the present
invention is embodied, the technical scope of the present
invention is not limited to the preferred embodiments.

<1. First Preferred Embodiment>
<1.1. Configuration and Function>

[0025] FIG. 1 is a schematic configuration diagram of
aninspection apparatus 100 according to afirst preferred
embodiment. FIG. 2is a schematic configuration diagram
of anirradiation part 12 and a detecting part 13 according
to the first preferred embodiment.

[0026] AsillustratedinFIG. 1.the inspection apparatus
100 includes a stage 11, the irradiation part 12, the de-
tecting part 13, a continuous light irradiation part 14, a
motor 15, a control part 16, a monitor 17, and a manip-
ulation inputting part 18. The inspection apparatus 100
is configured to inspect a photovoltaic cell panel 90 in
which the photo device is formed.

[0027] When photo devices, such as a photovoltaic cell
panel 90, are irradiated with pulsed light emitted from a
femtosecond laser, an electromagnetic wave including a
terahertz wave (frequencies of 0.1 to 30 THz) is gener-
ated from the photo devices. It is considered that the
electromagnetic wave is generated based on the follow-
ing principle. A photoexcited carrier is generated in the
photo device by irradiating the photo device with the
pulsed light having energy more than a bandgap. The
generated photoexcited carrier is accelerated by internal
electric fields (built-in electric fields), such as a depletion
layer of the photo device and a metallic semiconductor
interface, thereby generating a current. At this point, in
the case that the irradiation light is the pulsed light, the
time-variable pulsed current is generated, and therefore
the electromagnetic wave is generated according to a
Maxwell equation.

[0028] The electromagnetic wave generated from the
photo device is radiated according to characteristics of
photoexcited carrier generation regions, such as the de-
pletion layer. Therefore, the characteristics of photoex-
cited carrier generation regions can be inspected by de-
tecting the radiated electromagnetic wave. The inspec-
tion apparatus 100 is configured to detect the electro-
magnetic wave pulse, which is generated from the pho-
tovoltaic cell panel 90 according to the irradiation of the
pulsed light having a predetermined wavelength, based
on the principle.

[0029] Aninspectiontarget ofthe inspection apparatus
100 is not limited to the photovoltaic cell panel 90, but
any sample may be used as an inspection target of the
inspection apparatus 100 as long as the sample includes
the photo device that converts visible light into the cur-
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rent. Examples of the photo device include image sen-
sors such as a CMOS sensor and a CCD sensor in ad-
dition to the photovoltaic cell panel 90. In some of the
image sensors, a light receiving element is formed in a
portion that constitutes a rear surface side of the sub-
strate, in which the photo device is formed, in a usage
state. Even in such substrates, when a principal surface
on a side on which the light is received in the usage state
is placed as the light receiving surface on the inspection
apparatus 100, the electromagnetic wave can well be
detected.

[0030] The photovoltaic cell panel 90 is fixed on the
stage 11 by fixing unit (not illustrated). Examples of fixing
means includes a clipping tool that clips the photovoltaic
cell panel 90, an adhesive sheet with which the photo-
voltaic cell panel 90 and the stage 11 adhere to each
other, and a suction hole made in a surface of the stage
11. However, other fixing means may be used. In the first
preferred embodiment, the stage 11 retains the photo-
voltaic cell panel 90 such that the irradiation part 12 and
the detecting part 13 are disposed on a side of a light
receiving surface 91S of the photovoltaic cell panel 90.
[0031] As illustrated in FIG. 2, the irradiation part 12
includes a femtosecond laser 121. The femtosecond la-
ser 121 emits linearly-polarized pulsed light having wave-
lengths of 360 nm (nanometers) to 1 wm (micrometers),
periods of several kilohertz to hundreds of megahertz,
and pulse widths of 10 to 150 femtoseconds.

[0032] The pulsed light LP1 emitted from the femto-
second laser 121 is split into two by a beam splitter B1.
The photovoltaic cell panel 90 is irradiated with one of
the pieces of split pulsed light (hereinafter referred to as
pump light LP11). At this point, the irradiation part 12
performs the irradiation of the pump light LP11 from the
side of the light receiving surface 91S. The photovoltaic
cell panel 90 is irradiated with the pump light LP11 such
that an optical axis of the pump light LP11 is obliquely
incident to the light receiving surface 91S of the photo-
voltaic cell panel 90. In the example in FIG. 2, an incident
angle of the pump light LP11 is set to 45 degrees. How-
ever, the incident angle may properly be changed in a
range of 0 degree to 90 degrees.

[0033] FIG. 3is a schematic sectional view of the pho-
tovoltaic cell panel 90. FIG. 4 is a plan view of the pho-
tovoltaic cell panel 90 when viewed from the light receiv-
ing surface side 91S. FIG. 5 is a plan view of a backside
of the photovoltaic cell panel 90. As illustrated in FIG. 3,
the photovoltaic cell panel 90 has a stacked structure, in
which a planar rear surface electrode 92 made of alumi-
num, a p-type silicon layer 93, an n-type silicon layer 94,
an antireflection film 95, and a lattice-shaped aluminum
light receiving surface electrode 96 are sequentially
stacked from a bottom.

[0034] A portion in which the p-type silicon layer 93
and the n-type silicon layer 94 are coupled constitutes a
pn junction 97 in which the depletion layer is formed.
When the portion is irradiated with the pulsed light, the
generated photoexcited carrier is accelerated by the in-
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ternal electric field, thereby generating the electromag-
netic wave. The generated electromagnetic wave is ex-
ternally radiated, and therefore the electromagnetic wave
is observed as electromagnetic wave pulse LT1 by a de-
tector 132.

[0035] The photovoltaic cell panel 90 may be made of
a material (for example, amorphous silicon) except a
crystalline silicon. Generally, the bandgap (for example,
1.75 eV to 1.8 eV) of the amorphous silicon photovoltaic
cell is larger than the bandgap (for example, 1.2 eV) of
the crystalline silicon photovoltaic cell. Accordingly, for
the amorphous silicon photovoltaic cell, for example, the
electromagnetic wave including the terahertz wave can
wellbe generated from the amorphous silicon photovolta-
iccell by setting the wavelength of the pulsed light emitted
from the femtosecond laser 121 to 700 pum or less. In
other semiconductor photovoltaic cells, the electromag-
netic wave including the terahertz wave can well be gen-
erated based on the similar principle.

[0036] The antireflection film 95 is made of silicon ox-
ide, silicon nitride, or titanium oxide. In the photovoltaic
cell panel 90, the principal surfaces on the side on which
the light receiving surface electrode 96 is provided con-
stitutes the light receiving surface 91S in the principal
surfaces in which collector electrodes (the light receiving
surface electrode 96 or the rear surface electrode 92)
are provided. That is, the photovoltaic cell panel 90 is
designed to generate an electric power by receiving the
light from the side of the light receiving surface 91S. The
light receiving surface electrode 96 may be not the alu-
minum electrode but a transparent electrode in order to
improve a daylighting property.

[0037] The light receiving surface 91S of the photo-
voltaic cell panel 90 has a necessary texture structure in
order to suppress a reflection loss of the light. Specifical-
ly, irregularities of several micrometers to tens microm-
eters is formed by anisotropic etching, or a V-shape
groove is formed by a mechanical method. Thus, the light
receiving surface 918 of the photovoltaic cell panel 90 is
generally formed such that lighting can efficiently be per-
formed as much as possible. Accordingly, the light with
which the photovoltaic cell panel 90 is irradiated easily
reaches the pnjunction 97. For the photovoltaic cell panel
90, the light can easily reach the pn junction 97 when the
light has wavelengths of 1 um or less, which are of the
wavelength domain of the visible light.

[0038] Referring to FIG. 2, the other piece of pulsed
light split by the beam splitter B1 is incident as probe light
LP12 to the detector 132 through a delaying part 131 and
a mirror. The electromagnetic wave, which is generated
according to the irradiation of the pulsed light LP11 that
is of the pulsed light, is collected by paraboloid mirrors
M1 and M2 and incident to the detector 132.

[0039] The detector 132 is constructed by a photocon-
ductive switch. When the detector 132 is irradiated with
the probe light LP12 while the electromagnetic wave gen-
erated from the photovoltaic cell panel 90 is incident to
the detector 132, a current is instantaneously generated
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in the detector 132 according to electric field intensity of
the electromagnetic wave pulse. The current corre-
sponding to the electric field intensity is converted into a
digital amount through an I/V conversion circuit and an
A/D conversion circuit. Therefore, the detecting part 13
detects the electric field intensity of the electromagnetic
wave pulse generated from the photovoltaic cell panel
90 according to the irradiation of the probe light LP12. In
the first preferred embodiment, the photoconductive
switch is used as the detector 132. Alternatively, another
element such as a nonlinear optical crystal may be used
as the detector 132. The electromagnetic wave may be
detected using a Schottky barrier diode instead of the
photoconductive switch.

[0040] The delaying part 131 is an optical element that
continuously changes atime necessary for the probe light
LP12 to reach the detector 132 from the beam splitter
B1. The delaying part 131 is fixed to a moving stage (not
illustrated) thatmoves in an incident direction of the probe
lightLP12. The delaying part 131 includes a folding mirror
10M that folds the probe light LP12 in the incident direc-
tion. Under the control of the control part 16, the delaying
part 131 drives the moving stage to move a folding mirror
10M, thereby precisely changing an optical path length
of the probe light LP12. Therefore, the delaying part 131
changes a temporal difference between a time necessary
for the electromagnetic wave pulse to reach the detecting
part 13 and a time necessary for the probe light LP12 to
reach the detecting part 13. When the delaying part 131
changes an optical distance (the optical path length) of
an optical path (a second optical path) of the probe light
LP12, timing (detection timing or sampling timing), in
which the electric field intensity of the electromagnetic
wave pulse LT1 is detected, can be accelerated or de-
layed in the detecting part 13 (the detector 132).

[0041] The temporal difference between the time nec-
essary for the electromagnetic wave pulse LT1 to reach
the detecting part 13 and the time necessary for the probe
light LP12 to reach the detecting part 13 may be changed
by another mode. Alength of an optical path (afirst optical
path) of the pump light LP11 may be changed. In this
case, the time necessary for the electromagnetic wave
pulse LT1 to reach the detector 132 and the time neces-
sary for the probe light LP12 to reach the detector 132
canrelatively be deviated. Accordingly, the detection tim-
ing of the electric field intensity of the electromagnetic
wave pulse LT1 can be delayed in the detector 132. An
electrooptic effect may be used. That is, an electrooptic
element, in which a refractive index is changed by chang-
ing an applied voltage, may be used as the delay element.
Specifically, an electrooptic element disclosed in Japa-
nese Patent Application Laid-Open No. 2009-175127
can be used.

[0042] As illustrated in FIG. 2, a reverse bias voltage
applying circuit 99 (a reverse bias voltage applying part)
that applies a reverse bias voltage between the rear sur-
face electrode 92 and the light receiving surface elec-
trode 96 during the inspection is connected to the pho-
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tovoltaic cell panel 90. When the reverse bias voltage is
applied between the electrodes, the depletion layer
formed in the pn junction 97 is enlarged to increase the
internal electric field. Therefore, mobility of the photoex-
cited carrier generated according to the irradiation of the
pump light LP11 can be enhanced. Accordingly, the elec-
tric field intensity of the electromagnetic wave pulse LT1
detected by the detector 132 is increased, so that detec-
tion sensitivity of the electromagnetic wave pulse LT1
can be improved in the detecting part 13. However, the
reverse bias voltage applying circuit 99 may be eliminat-
ed.

[0043] The continuous light irradiation part 14 irradi-
ates the photovoltaic cell panel 90 with continuous light
CW. The kind of the continuous light CW output from the
continuous light irradiation part 14 is properly selected
depending on the inspection use. There is no particular
limitation to the continuous light CW. Specifically, the
continuous light CW is the light including plural wave-
lengths, such as the sunlight, the artificial sunlight that
represents the sunlight, light having relatively wide wave-
length distribution like an incandescent lamp, and light
having wavelengths (for example, 400 nm, 600 nm, and
800 nm) corresponding to RGB three primary colors like
an LED lamp and a fluorescent lamp. For example, the
continuous light CW may be the light having the single
wavelength, which is selected from a range of an ultra-
violet ray to a near-infrared ray.

[0044] The continuous light irradiation part 14 is con-
structed according to the wavelength of the light used in
the inspection. Specifically, for example, the continuous
lightirradiation part 14 is constructed by a semiconductor
laser, an LED, a halogen lamp, a xenon lamp, and a
combination thereof. A wavelength-variable laser may
be used as the continuous light irradiation part 14. For
example, a distributed feedback type (DFB) laser, in
which the wavelength of the emitted laser beam can sub-
stantially continuously be change (for example, in each
2 nm) by temperature control, can be used as the wave-
length-variable laser.

[0045] In the inspection apparatus 100, the irradiation
position of the pump light LP11 is irradiated with the con-
tinuous light CW, which allows the electromagnetic wave
pulse LT1 to be generated while the photovoltaic cell pan-
el 90 is irradiated with the continuous light CW (that is,
while the electromotive force is generated). For example,
inthe case that the photovoltaic cell panel 90 is irradiated
with the artificial sunlight, the state in which the photo-
voltaic cell panel 90 is exposed to the sunlight outside
the room can be reproduced. The detection of the struc-
tural defect, which possibly becomes troublesome in use
of the photovoltaic cell panel 90, and the evaluation of
the performance of the photovoltaic cell panel 90 can be
performed by analyzing the generated electromagnetic
wave pulse LT1. The characteristic of the photovoltaic
cell panel 90 depending on the wavelength can be in-
spected by irradiating the photovoltaic cell panel 90 with
the continuous light CW having the specific wavelength.
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[0046] The continuous lightirradiation part 14 includes
anirradiation condition changing part 141. The irradiation
condition changing part 141 changes the spot diameter
of the continuous light CW with which the photovoltaic
cell panel 90 is simultaneously irradiated. The range
where the electromotive force is generated can arbitrarily
be changed by changing the range, where the photo-
voltaic cell panel 90 is irradiated at one time with the
continuous light CW, using the irradiation condition
changing part 141.

[0047] For example, when a beam diameter (the irra-
diation diameter) of the continuous light CW is set to 50
pm or more while a beam diameter (the irradiation diam-
eter) of the pump light LP11 is set to 50 wm, the electro-
motive force is also generated in a surrounding portion
of the region irradiated with the pump light LP11. At this
point, the photoexcited carrier generated by the irradia-
tion of the pump light LP11 has a high possibility that the
photoexcited carrier is affected by the surrounding por-
tion. Accordingly, desirably the surrounding portion is ir-
radiated with the continuous light CW in order to inspect
the photovoltaic cell panel 90 in usage state. The contin-
uous light CW is not necessarily formed into the locally
spotshape. Forexample, the whole photovoltaic cell pan-
el 90 may simultaneously be irradiated with the continu-
ous light CW.

[0048] The irradiation condition changing part 141
changes the light intensity of the continuous light CW.
The magnitude of the generated electromotive force can
arbitrarily be changed by changing the light intensity of
the continuous light CW with which the photovoltaic cell
panel 90 is irradiated. Therefore, the inspection of the
photovoltaic cell panel 90 can be performed according
to a power generation state. For example, use of a light
blocking filter is considered as means for changing the
intensity of the continuous light CW. However, there is
no particular limitation to the means for changing the in-
tensity of the continuous light CW. Obviously the light
intensity of the continuous light CW output from the con-
tinuous light irradiation part 14 may directly be changed.
[0049] The motor 15 drives an X-Y table (not illustrat-
ed) thatmoves the stage in a two-dimensional plane. The
motor 15 drives the X-Y table to relatively move the pho-
tovoltaic cell panel 90 retained by the stage 11 with re-
spect to the irradiation part 12. The inspection apparatus
100 can move the photovoltaic cell panel 90 to an arbi-
trary position in the two-dimensional plane using the mo-
tor 15. The inspection apparatus 100 can irradiate the
wide range of the photovoltaic cell panel 90 with the con-
tinuous light CW and the pump light LP11 using the motor
15. Alternatively, means for moving the irradiation part
12 and the continuous light irradiation part 14 in the two-
dimensional plane may be provided instead of the move-
ment of the photovoltaic cell panel 90, or the means may
be provided while the photovoltaic cell panel 90 is moved.
An operator may manually move the stage 11.

[0050] The control part 16 includes a configuration as
a general computer (notillustrated) that includes a CPU,
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aROM, aRAM, and an auxiliary storing part (for example,
a hard disk). The control part 16 is connected to the ir-
radiation part 12, the detecting part 13, the continuous
light irradiation part 14, and the motor 15 to control op-
eration of these parts. Specifically, the control part 16
receives data related to the electric field intensity of the
electromagnetic wave pulse LT1 from the detector 132.
The control part 16 controls the movement of the moving
stage (not illustrated) that moves the delaying part 131,
and receives data related to the position of the delaying
part 131, such as a moving distance of the folding mirror
10M, from a linear scale provided in the moving stage.
[0051] The control part 16 is connected to a time wave-
form constructing part 21, a spectrum analyzing part 23,
and an image generating part 25, and the control part 16
causes each part to perform various pieces of calculation
processing. The time waveform constructing part 21, the
spectrum analyzing part 23, and the image generating
part 25 may be constructed in a software manner such
that a CPU (not illustrated) is operated according to a
program, or part or the whole of the functions may be
constructed in a hardware manner by a dedicated circuit.
[0052] Based on the electric field intensity detected by
the detecting part 13 (the detector 132), the time wave-
form constructing part 21 constructs a time waveform of
the electromagnetic wave pulse LT1 with respect to the
electromagnetic wave pulse LT1 generated in the pho-
tovoltaic cell panel 90. Specifically, the electric field in-
tensity of the electromagnetic wave pulse LT1 is detected
by plural pieces of detection timing different from each
other by moving the delaying part 131, thereby recon-
structing the time waveform. The reconstruction method
is described later.

[0053] The spectrum analyzing part 23 performs a
spectral analysis based on the time waveform of the elec-
tromagnetic wave pulse LT1. Specifically, the spectrum
analyzing part 23 acquires an amplitude intensity spec-
trum for the frequency by performing a Fourier transfor-
mation to the time waveform of the electromagnetic wave
pulse LT1.

[0054] The image generation part 25 generates an im-
age, in which a distribution of the electric field intensity
of the generated electromagnetic wave pulse LT1 is vis-
ualized, with respect to an inspection target area (part or
a whole of the photovoltaic cell panel 90) on the photo-
voltaic cell panel 90. Specifically, for the image express-
ing the light receiving surface 91S of the photovoltaic cell
panel 90, a portion corresponding to each measurement
point is painted in each color according to the electric
field intensity of the actually-measured electromagnetic
wave pulse LT1. Therefore, the electric field intensity dis-
tribution image is generated.

[0055] As illustrated in FIG. 1, the monitor 17 and the
manipulation inputting part 18 are connected to the con-
trol part 16. The monitor 17 is display devices, such as
a liquid crystal display, and displays various pieces of
image information to the operator. For example, the im-
age of the light receiving surface 918S of the photovoltaic
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cell panel 90, in which the picture is taken by a camera,
and the electric field intensity distribution image gener-
ated by the image generation part 25 are displayed on
the monitor 17. A GUI screen used to set inspection con-
ditions (for example, an inspection region in the photo-
voltaic cell panel 90 and irradiation intensity or irradiation
range of the continuous light CW) may be displayed on
the monitor 17.

<1.2. Inspection of Photo Device>

[0056] Aninspection flow of the photovoltaic cell panel
90 that is of the photo device will be described below.
The inspection apparatus 100 of the first preferred em-
bodiment is configured to be able to perform two kinds
of inspections (a first inspection and a second inspec-
tion).

[0057] The first inspection is performed based on the
time waveform of the electromagnetic wave pulse LT1.
In the first inspection, a specific position (an interest po-
sition) to be inspected on the photovoltaic cell panel 90
is irradiated with the continuous light CW and the pump
light LP11 that is of the pulsed light. The time waveform
of the electromagnetic wave pulse LT1, which is gener-
ated according to the irradiation of the pump light LP11,
is reconstructed. A spectral analysis is performed to the
reconstructed time waveform.

[0058] The second inspection is performed based on
an electric field intensity distribution of the electromag-
netic wave pulse LT1, which is generated according to
the irradiation of the pump light LP11. In the second in-
spection, each point on the photovoltaic cell panel 90 is
irradiated with the continuous light CW and the pump
light LP11. The electricfield intensities of the electromag-
netic wave pulses LT1 generated at the points are cal-
culated. Hereinafter, the first inspection is first described,
and then the second inspection is described. In the fol-
lowing description, unless otherwise noted, itis assumed
that each operation of the inspection apparatus 100 is
controlled by the control part 16.

<First Inspection>

[0059] FIG. 6 is a flowchart of the first inspection. The
flow of the first inspection is illustrated in FIG. 6 by way
of example. Accordingly, some processes may concur-
rently: be performed, or the sequence to perform some
processes may properly be changed.

[0060] The photovoltaic cell panel 90 that constitutes
the inspection target is fixed to the stage 11 (Step S10).
The operator may carry the photovoltaic cell panel 90 to
the stage 11, or a conveying device (not illustrated) may
carry the photovoltaic cell panel 90 to the stage 11. At
this point, as described above, the photovoltaic cell panel
90 is placed such that the light receiving surface 91S of
the photovoltaic cell panel 90 is irradiated with the pulsed
light LP11.

[0061] When the photovoltaic cell panel 90 is fixed to
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the stage 11, the inspection apparatus 100 moves the
photovoltaic cell panel 90 according to the interest posi-
tion (Step S11). Using the manipulation inputting part 18,
the operator previously inputs the interest position as da-
ta (coordinate data) related to the position on the photo-
voltaic cell panel 90 to be inspected. In order to irradiate
the interest position with the pulsed light LP11, the control
part 16 drives the motor 15 to move the stage 11 based
on the coordinate data. The operator may manually move
the stage 11 to move the photovoltaic cell panel 90 ac-
cording to the interest position.

[0062] The irradiation conditions ofthe continuous light
CW are set (Step S12). Specifically, for example, the
irradiation range of the continuous light CW and the in-
tensity of the continuous light CW are set. In the case
that the continuous light irradiation part 14 is configured
to be able to irradiate the photovoltaic cell panel 90 with
pieces of continuous light CW having different wave-
lengths, the wavelengths of the pieces of continuous light
CW outputin Step S12 are set. The irradiation condition
changing part 141 properly changes the light blocking
region such thatthe irradiation diameter of the continuous
light CW becomes the setting value. The continuous light
irradiation part 14 starts the irradiation of the continuous
light CW based on the setirradiation condition of the con-
tinuous light CW (Step S13).

[0063] The inspection apparatus 100 irradiates the in-
spection position of the photovoltaic cell panel 90 with
the pump light LP11 (Step S14). The inspection appara-
tus 100 detects the electric field intensity of the electro-
magnetic wave pulse LT1 generated by the irradiation of
the pulsed light LP11 (Step S15). In Step S15, when the
electric field intensity of the electromagnetic wave pulse
LT1 is detected, the control part 16 controls the delaying
part 131 to delay the timing at which the probe light LP12
reaches the detector 132. Therefore, the electric field in-
tensity of the electromagnetic wave pulse LT1 is detected
at plural pieces of detection timing different from each
other. Inirradiating the photovoltaic cell panel 90 with the
pump lightLP11, the reverse bias voltage may be applied
between the electrodes of the photovoltaic cell panel 90
by driving the reverse bias voltage applying circuit 99.
[0064] The inspection apparatus 100 reconstructs the
time waveform of the electromagnetic wave pulse LT1
based on the detection result of the electric field intensity
acquired in Step S15 (Step S16). Specifically, the time
waveform constructing part 21 reconstructs the time
waveform of the electromagnetic wave pulse LT1 by plot-
ting a value of the electric field intensity detected in Step
S15 along a temporal axis.

[0065] FIG. 7 is a view illustrating the time waveform
of the electromagnetic wave pulse LT1 reconstructed by
the time waveform constructing part 21. In FIG. 7, a hor-
izontal axis indicates the time, and a vertical axis indi-
cates the electric field intensity. A lower stage of FIG. 7
conceptually illustrates plural pieces of probe light LP12
in which the timing (that is, pieces of detection timing t1
to t8), at which the probe light LP12 reaches the detector
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132, is varied by the delaying part 131.

[0066] When the interest position is irradiated with the
pump light LP11, the electromagnetic wave pulse LT1
having a time waveform 41 in FIG. 7 repeatedly comes
in the detector 132 in a predetermined period. At this
point, forexample, when the delaying part 131 is adjusted
such that the probe light LP11 reaches the detector 132
at the detection timing t1, the detector 132 detects the
electric field intensity of a value E1. In the case that the
delaying part 131 is adjusted such that the detection tim-
ing becomes {2 to t8. the electric field intensities having
values E2 to E8 corresponding to the pieces of detection
timing t2 to t8 are detected. The time waveform 41 of the
electromagnetic wave pulse LT1 is reconstructed by plot-
ting the acquired electric field intensity values E1 to E8
on the graph along the temporal axis.

[0067] The characteristic of the photoexcited carrier
generation region can be inspected at the interest posi-
tion by reconstructing the time waveform 41. For exam-
ple, a formation defect of the photoexcited carrier gen-
eration region can be detected by the existence or non-
existence of the detection of the electromagnetic wave
pulse LT1 or an amplitude of the electric field intensity of
the reconstructed electromagnetic wave pulse LT1. Par-
ticularly, in the first preferred embodiment, the irradiation
of the continuous light CW can put the photovoltaic cell
panel 90 into the usage state (that is, the state in which
the electromotive force is generated). The electromag-
netic wave pulse LT1 generated under the above situa-
tion correspond to the characteristic of the photoexcited
carrier generation region when the photovoltaic cell panel
90 is in the usage state. Accordingly, the defect that pos-
sibly becomes troublesome in use of the photovoltaic cell
panel 90 can be detected, or the performance of the pho-
tovoltaic cell panel 90 can be evaluated.

[0068] Referring to FIG. 6, when a time waveform 41
of the electromagnetic wave pulse LT1 is reconstructed,
the inspection apparatus 100 performs the spectral anal-
ysis (Step S17). Specifically, the spectrum analyzing part
23 performs the Fourier transformation based on the time
waveform acquired in Step S16. Therefore, a spectral
distribution of the electromagnetic wave pulse LT1 is ac-
quired. The spectral analysis in Step S17 may be elimi-
nated.

[0069] FIG.8isaviewillustrating a spectral distribution
51 of the electromagnetic wave pulse LT1. In FIG. 8, a
vertical axis indicates a spectral intensity and a horizontal
axis indicates a frequency. As illustrated in the spectral
distribution 51, the electromagnetic wave pulse LT1 gen-
erated from the photovoltaic cell panel 90 has the rela-
tively strong spectral intensity at frequencies of 0.1 THz
to 1 THz.

[0070] Various pieces of information on a physical
properties can be obtained with respect to the interest
position in the photovoltaic cell panel 90 by acquiring the
spectral distribution 51. For example, the information on
the physical property can relatively be evaluated at the
interest position of the photovoltaic cell panel 90 by com-
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paring the spectral distribution 51 in FIG. 8 to a reference
spectral distribution. In the spectral distribution 51, as
indicated by an arrow, absorption is generated with re-
spect to the electromagnetic wave having a specific fre-
quency. That an impurity absorbing the specific frequen-
cy is formed at the interest position is deduced from the
absorption of the spectral distribution 51, and a kind or
a concentration of the impurity is also deduced from the
frequency of the absorbed electromagnetic wave.
[0071] Referring to FIG. 6, when the spectral analysis
is completed, the image indicating the inspection result
is displayed on the monitor 17 (Step S18). Specifically,
for example, the time waveform (see FIG. 7) of the elec-
tromagnetic wave pulse LT1 acquired in Step S16 and
the spectral distribution (see FIG. 8) acquired in Step S17
are displayed as the analysis result on the monitor 17.
[0072] The inspection apparatus 100 determines
whether the irradiation condition of the continuous light
CW is changed to perform the additional inspection (Step
S19). When the additional inspection is performed (YES
in Step S19), the inspection apparatus 100 returns to
Step S12to set the irradiation condition of the continuous
light CW. When the additional inspection is not performed
(NO in Step S19), the inspection apparatus 100 ends the
operation related to the first inspection.

[0073] FIG. 9 is a view illustrating time waveforms 61
to 64 of the electromagnetic wave pulse LT1 that is de-
tected when the intensity of the continuous light CW is
changed. A time waveform 61 corresponds to the elec-
tromagnetic wave pulse LT1 that is detected when the
photovoltaic cell panel 90 is not irradiated with the con-
tinuous light CW, and time waveforms 62 to 64 corre-
spond to the electromagnetic wave pulses LT1 in which
the intensities of the continuous light CW are sequentially
increased.

[0074] AsillustratedinFIG. 9, the amplitude of the elec-
tromagnetic wave pulse LT1 is relatively decreased by
the irradiation of the continuous light CW. This is attrib-
uted to the following fact. That is, when the photovoltaic
cell panel 90 is irradiated with the continuous light CW,
a conduction band is filled with the photoexcited carriers
excited by the continuous light CW. Therefore, it is con-
sidered that a change in current of the photoexcited car-
rier generated by the pump light LP11 is relatively weak-
ened, and that the electric field intensity of the generated
electromagnetic wave pulse LT1 is also weakened.
[0075] At the inspection points where the time wave-
forms 61 to 64 are detected, the amplitude of the elec-
tromagnetic wave pulse LT1 is decreased with increasing
electric field intensity of the continuous light CW. How-
ever, a tendency of the change in amplitude of the elec-
tromagnetic wave pulse LT1 corresponding to the inten-
sity of the continuous light CW is not necessarily common
to all the points of the photovoltaic cell panel 90. That is,
sometimes the tendency may vary according to the for-
mation situation of the depletion layer.
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<Second Inspection>

[0076] Then the second inspection will be described.
FIG. 10 is a flowchart of the second inspection. In the
second inspection, the photovoltaic cell panel 90 is fixed
to the stage 11 (Step S21). The process in Step S21 is
identical to that in Step S11 of the first inspection in FIG.
6. The reverse bias voltage is applied between the rear
surface electrode 92 and the light receiving surface elec-
trode 96 of the photovoltaic cell panel 90 (Step S22). It
is notalways necessary to apply the reverse bias voltage,
but the second inspection may be performed with no re-
verse bias voltage.

[0077] Theirradiation conditions of the continuous light
CW are set (Step S23). The irradiation of the continuous
light CW is started based on the irradiation condition set
in Step S23 (Step S24). Steps S23 and S24 are substan-
tially identical to Steps S12 and S13 of the firstinspection
in FIG. 6.

[0078] The inspection apparatus 100 irradiates the
photovoltaic cell panel 90 with the continuous light CW,
and irradiates the photovoltaic cell panel 90 with the
pump light LP11 to generate the electromagnetic wave
pulse LT1. There is no particular limitation to the position
where the photovoltaic cell panel 90 is irradiated with the
continuous light CW and the position where the photo-
voltaic cell panel 90 is irradiated with the pump light LP11,
and the continuous light CW and the pump light LP11
are set to the position where the electromagnetic wave
pulse LT1 enough to detect the electric field intensity is
generated. In the inspection apparatus 100, the delaying
part 131 is adjusted such that the electric field intensity
of the electromagnetic wave pulse LT1 detected by the
detector 132 is maximized (Step S25). Specifically, the
position of the folding mirror 10M is adjusted in the de-
laying part 131 to change the timing at which the probe
light LP12 reaches the detector 132.

[0079] For example, for the electromagnetic wave
pulse LT1 having the time waveform. 41 in FIG. 7, when
the electromagnetic wave pulse LT1 is detected at the
detection timing t3, the maximum intensity of the electro-
magnetic wave pulse LT 1 can be detected by the detector
132. Accordingly, in this case, the inspection apparatus
100 moves the folding mirror 10M to the position corre-
sponding to the detection timing t3.

[0080] Thus, the electromagnetic wave pulse LT1 is
easily detected by detecting the maximum intensity of
the electromagnetic wave pulse LT1. Therefore, the de-
tection sensitivity of the electromagnetic wave pulse LT1
can be improved, and the photovoltaic cell panel 90 can
properly be inspected. It is not always necessary that the
detector 132 detect the maximum intensity of the elec-
tromagnetic wave pulse LT1. That s, the detection timing
can arbitrarily be set as long as the detector 132 can
perform the measurement.

[0081] In setting the detection timing in Step S25, itis
not always necessary to irradiate the photovoltaic cell
panel 90 with the continuous light CW. Therefore, the
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continuous light irradiation part 14 can interrupt the irra-
diation of the photovoltaic cell panel 90 with the contin-
uous light CW while the process in Step S25is performed.
[0082] When the adjustment of the delaying part 131
is completed, the inspection apparatus 100 drives the
motor 15 to move the photovoltaic cell panel 90 in the
two-dimensional plane (Step S26). At this point, the pho-
tovoltaic cell panel 90 is irradiated with the continuous
light CW and the pump light LP11. The detector 132 de-
tects the electric field intensity of the electromagnetic
wave pulse LT1, which is generated according to the ir-
radiation of the pump light LP11. Therefore, the electric
field intensities of the electromagnetic wave pulses LT1
generated from the points in the inspection target region
on the photovoltaic cell panel 90 are acquired.

[0083] Based on the acquired electric field intensities,
the inspection apparatus 100 generates the image indi-
cating the electricfield intensity distribution, and displays
the image on the monitor 17 (Step S27). FIG. 11 is a view
illustrating an example of an electric field intensity distri-
bution image 71. In the electric field intensity distribution
image 71, according to the magnitude of the electric field
intensity of the electromagnetic wave pulse LT1, corre-
sponding portions of the image expressing the photo-
voltaic cell panel 90 are painted in plural colors. In FIG.
11, the difference of the color is expressed by the differ-
ence of hatching. In the electric field intensity distribution
image 71, the magnitude of the electric field intensity is
classified into three stages (intensities of 0 to 4, intensi-
ties of 4 to 8, and intensities of 8 to 10), and the stages
are painted in colors according to the classification. Al-
ternatively, the magnitude of the electric field intensity is
classified into two stages or at least four stages, and the
stages may be painted in colors.

[0084] As illustrated in FIG. 11, in the electric field in-
tensity distribution image 71, the relatively strong elec-
tromagnetic wave pulse LT1 is detected in the surround-
ing portion of the light receiving surface electrode 96, and
the detected electric field intensity is weakened with dis-
tance from the light receiving surface electrode 96. This
is attributed to the fact that, because the relatively strong
internal electric field acts on the portion close to the elec-
trode, such as the light receiving surface electrode 96,
the electric field intensity of the generated electromag-
netic wave pulse LT1 is relatively strengthened.

[0085] A formation status of the photoexcited carrier
generation area can widely be recognized at once with
respect to the photovoltaic cell panel 90 by generating
the electric field intensity distribution image 71. Particu-
larly, in the first preferred embodiment, the photovoltaic
cell panel 90 is also irradiated with the continuous light
CW, so that the detection of the structural defect, which
possibly becomes troublesome in use, and the evaluation
of the performance of each portion in the photovoltaic
cell panel 90 can efficiently be performed.

[0086] In the second inspection, only the instantane-
ous electric field intensity is detected in the electromag-
netic wave pulse LT1. Alternatively, as described in the
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firstinspection, the time waveform of the electromagnetic
wave pulse LT1 may be reconstructed at each point by
controlling the delaying part 131. For example, the image
in which a spectral intensity of a specific frequency is
expressed by color shading may be formed based on the
spectral distribution, which is obtained by performing the
Fourier transformation of the acquired time waveform.

<2. Second Preferred Embodiment>

[0087] FIG. 12is a schematic configuration diagram of
an irradiation part 12A and a detecting part 13A of an
inspection apparatus 100A according to a second pre-
ferred embodiment. Hereinafter, an element having the
same function as that of the constituent of the inspection
apparatus 100 of the first preferred embodiments is des-
ignated by the same numeral, and the description is omit-
ted.

[0088] In the inspection apparatus 100A, the pulsed
light LP1 emitted from the femtosecond laser 121 is also
split into the pump light LP11 and the probe light LP12
by the beam splitter B1. However, in the second preferred
embodiment, the split pump light LP11 is transmitted
through a transparent conductive film substrate (ITO) 19,
and perpendicularly incident to the light receiving surface
91S of the photovoltaic cell panel 90. The continuous
light irradiation part 14 obliquely irradiates the light re-
ceiving surface 918 of the photovoltaic cell panel 90 with
continuous light CW. In the electromagnetic wave pulses
LT1 generated by the irradiation of the pump light LP11,
the electromagnetic wave pulse LT1 radiated onto the
side of the light receiving surface 91S is reflected by the
transparent conducive substrate 19 and incident to the
detector 132 through the lens and the like.

[0089] The inspection apparatus 100A including the ir-
radiation part 12A and the detecting part 13A can also
detect the electromagnetic wave pulse LT1 generated
by the irradiation of the pump light LP11. Accordingly,
like the inspection apparatus 100 of the first preferred
embodiment, the inspection apparatus 100A can inspect
the photovoltaic cell panel 90 in the non-contact state.

<3. Third Preferred Embodiment>

[0090] FIG. 13 is a schematic configuration diagram,
of an irradiation part 12B and a detecting part 13B of an
inspection apparatus 100B according to a third preferred
embodiment. In the inspection apparatus 100B, the
pulsed light LP1 emitted from the femtosecond laser 121
is also split into the pump light LP11 and the probe light
LP12 by the beam splitter B1. In the third preferred em-
bodiment, the pumplight LP11 is perpendicularly incident
to the light receiving surface 91S of the photovoltaic cell
panel 90. The continuous light irradiation part 14 oblique-
ly irradiates the light receiving surface 91S of the photo-
voltaic cell panel 90 with the continuous light CW. In the
electromagnetic wave pulses LT1 generated by the irra-
diation of the pulsed light LP11, the electromagnetic
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wave pulse LT1 output onto (transmitted through) the
rear surface side of the photovoltaic cell panel 90 is in-
cident to the detector 132 through the paraboloid mirrors
M1 and M2.

[0091] The inspection apparatus 100B can also detect
the electromagnetic wave pulse LT1 generated by the
irradiation of the pump light LP11. Accordingly, like the
inspection apparatus 100 of the first preferred embodi-
ment, the inspection apparatus 100B can inspect the
photovoltaic cell panel 90 in the non-contact state.

<4. Modifications>

[0092] The preferred embodiments are described
above. However, the present invention is not limited to
the preferred embodiments, but various modifications
can be made.

[0093] In the above preferred embodiments, as illus-
trated in FIG. 3, the pn junction is formed in the photo-
voltaic cell panel 90 by way of example. Alternatively, the
inspection target of the inspection apparatus 100 also
includes a photovoltaic cell panel in which what is called
a pin junction is formed. In the pin junction, an intrinsic
semiconductor layer is sandwiched between a p-type
semiconductor layer and an n-tyre semiconductor layer.
[0094] In the above preferred embodiments, the posi-
tions where the photovoltaic cell panel 90 is irradiated
with the pump light LP11 and the continuous light CW
are changed by moving the stage 11. Alternatively, the
positions where the photovoltaic cell panel 90 is irradiat-
ed with the pump light LP11 and the continuous light CW
may optically be changed by controlling an optical ele-
ment, which is include in the irradiation part 12 or the
continuous light irradiation part 14.

[0095] The configurations of the above preferred em-
bodiments and modifications may properly be combined
or eliminated within a consistent range.

[0096] While the invention has been shown and de-
scribed in detail, the foregoing descriptionisin all aspects
illustrative and not restrictive. It is therefore understood
that numerous modifications and variations can be de-
vised without departing from the scope of the invention.

Claims

1. An inspection apparatus (100, 100A, 100B) that in-
spects a photo device (90), comprising:

an irradiation part (12, 12A, 12B) that irradiates
said photo device (90) with pulsed light (LP11)
emitted from a femtosecond laser (121);

a detecting part (13, 13A, 13B) that detects an
electromagnetic wave, which is generated from
said photo device (90) according to the irradia-
tion of said pump light; and

a continuous light irradiation part (14) that irra-
diates a portion, which is irradiated with said



19 EP 2 631 635 A1

pump light in said photo device (90), with con-
tinuous light (CW).

The inspection apparatus (100, 100A, 100B) accord-
ing to claim 1, further comprising an irradiation con-
dition changing part (141) thatchanges an irradiation
diameter or an intensity of said continuous light
(CW).

The inspection apparatus (100, 100A, 100B) accord-
ingtoclaim 1 or2, wherein said continuous light (CW)
includes pieces of light having a plurality of wave-
lengths different from each other.

The inspection apparatus (100, 100A, 100B) accord-
ing to claim 3, wherein said photo device (90) is a
photovoltaic cell, and said continuous light (CW) in-
cludes artificial sunlight.

The inspection apparatus (100. 100A, 100B) accord-
ingtoclaim 1 or2, wherein said continuous light (CW)
is a laser beam having a single wavelength.

The inspection apparatus (100, 100A, 100B) accord-
ing to any one of claim 1 to 5, further comprising a
reverse bias voltage applying part that applies a volt-
age to put said photo device (90) into a reverse bias
state.

An inspection method for inspecting a photo device
(90), comprising the steps of:

(a) irradiating said photo device (90) with pulsed
light (LP11) emitted from a femtosecond laser
(121);

(b) detecting an electromagnetic wave (LT1),
which is generated from said photo device (90)
by the irradiation of said pulsed light (LP11); and
(c) irradiating a portion, which is irradiated with
said pulsed light (LP11) in said photo device
(90), with continuous light (CW).
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